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ABSTRACT

The operation of a strapped-down inertial navigation
system in a high dynamic environment was simulated. Its
performance was assessed using a laser gyro and a quartz-
flexure accelerometer as the sensors. Using deterministic
values for the sensor errors, the effects of the sensor
errors on the INS performance was assessed., Emphasis is:
placed on the effects that the sensor errors have on the INS
errors in a high dynamic environment. Structural mode
effects on INS performance are also evaluated. Following
this an-:analysis of the sensitivity of the INS errors in
position and velocity to each inertial sensor is determined.
Using this sensitivity analysis, the sensor paramenters re--
quired to obtain a performance specification of £ 1 nm/hr
position error and €'3 ft/sec velocity error are defined.
Finally, recommendations of areas for improvement are present-

ed.
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CHAPTER I

AINTRODUCTION

Background

It would be difficult, if not impossible, to determine
when the first inertial navigation system was developed.
The first patent for an assemblage of three gyros and a
gravity vertical as a navigation system was given in 1924
to an American, C.G. Abbot. - Since that time much effort
has been spent in regards to inertial navigation systems
(INS). During the 1930's the éoncept of using accelero-
meters mounted on a stabilized platform was utilized (Ref
518-12).

Through the years many different typeé of INS have been
designed, but they can be classified under two distinct
groups, strapped-down and gimbaled systems. The distin-
guishing feature of these two groups is the way in which
their orientation with respect to inertial space is main-
tained. In the case of most gimbaled systems the platform
is mounted with gimbales such that it remains fixed in some
orientation with respect to inertial space regardless of
the movements of the body on which it is mounted. The
strapped-down systems are fixed to the body and, therefore,
the relation of the platform frame to inertial space is
maintained by updating the transformation matrices using

the information received from the gyros. Because of the




extra computational load required for the strapped-down sys-
to maintain orientation with inertial space, this group of
systems received little attention until the 1960's. As com-
puter technology progressed, the size and weight of equip-
ment necessary to handle this additional computational load
was drastically reduced and more emphasis was placed on
strapped-down systems. As further refinements have been

and are being made in the area of micro computers during

the seventies, development of the laser gyro also pro-
gressed. With these advancés in technology, the potential
of the strapped-down systems have grown. Possible advan-
tages that strapped-down systems could have over gimbaled
systems include smaller size, less weight, and greater
maintainability and reliability. With these factors in
mind, future commitments of resources and money for fur-
thering the development of the strapped-down INS is desira-
ble (Ref 2:1).

Statement of Problem

Past analysis of inertial navigation systems has shown
that the gimbaled systems are more accurate than the strapp-
down systems. The implications are that the reason for this
difference in performance of the strapped-down and gimbaled
INS is due to the harsher environment that the strapped-down
is subjected to. An analysis of the error propogation of
the sensor errors should give insight into the effect of the

sensor errors on the total system errors (Ref ?7:37-38). This
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would then be a basis for working at improving the strapp-
t down INS performance. In undertaking this error analysis,

a digital strapped-down INS simulation recently developed

by the Charles Stark Draper Lab under contract to the Air

Force Avionics Lab at Wright-Patterson AFB is utilized.

Plan of Atta
Using the strapped-down INS simulation developed by the

Draper Lab, a series of INS error time histories will be

generated. From examining the time histories, the effect

of the sensor errors on the INS errors will be evaluated.

By changing the values of the sensors errors, the sensiti-

vity of INS errors to sensor errors will be developed.

Finally, the sénsor parameters necessary to achieve a posi-
\ tion error of £ 1 nm/hr and a velocity error of =3 ft/sec

will be determined.

Sequence of Events

A general overview of the capabilities of the strapped-
down INS simulation is presented first. Following this, a
detailed description of the sensor and navigation models is
presented. Also, a description of the flight profile and
sensor parameters used in the simulations is given. Based
on the simulation analysis of the effect of sensor errors
on INS errors is performed. Conclusions are then drawn

from this analysis.
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CHAPTER Il

Description of Computer Simulation and Navigation System
and Sensor Model and Their Implementation in Obtaining
Data_ for an Error Analysis

The strapped-down inertial navigation system simulation
referenced in the introduction provided the data that is
used in the error analysis that is presented in later
chapters. The simulation is a digital computer program
coded in FORTRAN and is implemented on a CDC 6600 computer.
The program was designed for ease of user interaction, and
proved to be a useful tool for analyzing inertial navigation
system errors.

This section provides a brief introduction to the capa-
bilities of the strapped-down simulation.. A detailed des-
cription of the navigation system and its associated iner-
tial sensors are then presented. Finally, the flight pro-
file used to generate the simulations for the error analysis

is desdribed.

Overview of Strapped-Down Simualtion Capabilities

The strapped-down inertial navigation system simulation

(SDINS) employs an F-4 aircraft model. Nonlinear six-de-

rea-of-freedom equations of motion and nonlinear aero dyna-

mics valid beyond the stall-angle-of-attack are implemented.
Bending effects as well as three longitudinal-and three

lateral-directional structural modes are included.
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The capability for perturbation inputs such as winds and
gusts 1s also available. The other models included are
those for a flight-control system, navigation system, and
thelr associated sensors, as well as a gravity model. In
the work done for this paper, a rotating spherical earth
model is used for the computations, but an elliptical model
is provided in the simulation.

This is only a brief overview of the strapped-down INS
simulation program. Since this work is only concerned with
the details of the actual navigation model and its associat-
ed sensors, this protion of the system is now described in

detail.

Navigation System Model
Presented here is the algorithm used in the strapped-

down INS simulation to represent a strapped-down Local
Vertical Wander Azimuth (LVWA) navigation system. The
following discussion of this algorithm is based on infor-
mation taken form reference (2)., The navigation model can
be divided into two major subseotions, a low-speed loop
computed at 5 hertz and a high-speed loop computed at 50
hertz. This representation results form the need to up-
date the body-to-computational transformation matrix at a
high frequency in order tb maintain accuracy; while the
other computations need not be performed at this high of

an iteration rate.




The high speed navigation loop consists of updating the
body-~-to-computational or local-vertical wander azimuth
transformation matrix, and transforming the navigation sen-

sor velocities from the body frame to the computational

frame and the summation of these velocities over the low
speed computational time period. The generation of the bo-

dy-to-computational transformation matrix and transforma-

:
!
i
!
¢

tion of the velocities are staggered in time; with the

transformation matrix being computed midway between the

;
;
3
¥
:

times at which the transformation of the velocities occur.
The update of this transformation matrix is achieved

using a third order quaternion. It is from this body-
to-computational frame transformation matrix that the
attitude angles are computed for comparison with the cor-
responding true angles generated in the vehicle portion of
the simulation.

The function of the low-speed portion of the system
model is to perform the necessary operations on the sen-
sor signals in order to find position and velocities. All
signals are defined in the computational frame, but a trans-
formation matrix for transforming from‘computational frame
to earth frame is maintained. It is from this transforma-
tion matrix that latitude, longitude, and wander angle are
obtained (Appendix C derives the transformation in terms of
these quantities). The velocities are taken from the inte-
gration of the accelerometer signals. A further integra-

tion of the vetical channel velocity yields altitude.




Since the vertical channel of an inertial navigation system

is unstable without aiding, a third-order damping scheme is
applied.

The equations implemented in the navigation model are
now examined. Appendix A provides a review of the notation
and reference frames that are used. It should be noted
that the local vertical wander azimuth frame is the same
frame as the computational frame and it is referred to as
the computational frame in the following discussion. The
X, ¥Y» And & coordinates of this frame are defined in an up,

east, and north sense (Ref 1:149-51).

Navigation Model Equations
Figure 1 shows a block diagram of the basic inertial

navigation system model. The accelerometérs provide a
measure of the specific force. The measurement is in the
body frame and must be transformed to the computational
frame. Thus,
£° = cf £° (1)

where f represents specific force, and Cg is the trans-
formation matrix to transform from the body frame to the
computational frame, and ¢ and b represent computational
frame and body frame, respectively.

The bdlock labeled I represents the integration of the

velocity differential equation that is derived in Appendix
B. This equation is
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Y€ = £€ « g - (2wf, ¢ wo ) x ¥° (2)

where g represents the acceleration due to gravity, ¥ie
represents the rotation rate of the earth frame with
respect to the inertial frame, and ¥oc represents the

rotation rate of the computational frame with respect to

the earth frame.

By dividing the proper components of !? the compo-
nents of ggc are computed. (The block labeled w repre-
sents these calculations). They are

w:cy = 'vgcz/(Ro' h) (3)
and
wgcz = vgcy/(Ro *+ h) (&)

where R is the radius of the earth (assuming spherical

earth) and h is the altitude above the earth's surface.

c o
acx‘o since the x axis is the vertical axis). Yoo is

then fed back to be used in the velocity differential

(w

equations. ﬁ:c is also used to formualte Cg. the trans-
formation matrix to transform a vector from the earth

frame to the computational frame. To do this, (using the

c c c
fact Wee © -wce). the skew symmetric form of “Weo is found.




0 “Yees Yeey
ck- -
Wee “eer © Weex (5),
“Veey “ecex 0

Then this matrix is used in the formulation of the rate
of change of a direction cosine matrix:

AC ck c

Co = W.o Co (6)
It is then from Cg that latitude, longitude, and wander
angle are calculated. (Appendix C provides the deriva-
tion of Cg in terms of these quantities).

The gyros provide a measure of the angular rate of

the body frame with respect to inertial space, E?b‘ This

is then differenced with g?c resulting in

» b b .
¥oe T ¥ip " Yi¢ (?)

where y?c, the rotation rate of the computational frame
relative to inertial space is determined by adding E&e
to !:c and then transforming to the body frame.

wre = O (xS, + S (8)

The quantity uge. the angular velocity of the earth frame

relative to inertial space, is used in the velocity differ-

ential equation as well as in equation (8). Assuming a

spherical earth rotating at a constant rate,

10




Wi =[O | (9)

where Wie is the rate of the earth's rotation, 15°/hr.
Thus,

c . nC ‘
Wie = Ce Yie (10)

Completing the gyro loop of the diagram in figure 1 re-

quires the calculation of Cg. In order to maintain the
desired accuracy in calcualting Cg. a third order quater-
nion update is used instead of the direction cosine dif-

ferential equation. However, just as w® is needed to

~ec
calculate Cg. Egc is needed to perform the quaternion
update. Following the calculation of Cg. the Euler angles,
roll, pitch, and yaw, are computed using the elements of
Cg (Ref 2:122-31). (Appendix C provides a derivation of

Cg in terms of the Euler angles).

8x="8, E-z(h/Ro)+3(h/Ro)2] . W§e°Ro(1*h/Ro)(1-sin2L) (11)

gy=-w§e‘R°(1¢h/Ro) sinL (-cosL sin« ) (12)
gz=-w§e'Ro(1*h/Ro) sinL (cosL cos « ) (13)

where g, is the gravity constant (g°=32.1725 ft/secz). :
Ro is the radius of the earth (R°=20.860.000 feet), L !

is the latitude, and & is the wander angle.

11
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Figure 2. Orientution of Aircraft Body Axis.

A final note on the navigation algorithm before examin-
ing the sensor models that are used to generate thie naviga-
tion algorithm inputs concerns the generation of errors in
position, velocity, and attitude. These errors are generat-
ed by the differencing the navigation model outputs with
those from the aircraft equations-of-motion. Therefore, the

error quantities include effects from computational errors

(Ref 1: 58).

Sensor Model

Figure 2 shows the orientation of the aircraft body
axis, There are three gyros and three accelerometers model-
ed for the navigation system, Each gyro measures the ro-

tation rate about one of the principle body axis. Similarly,

e

R AP

e —— ——




there is an accelerometer located on each body axis. It is
with reference to this configuration that the discussiop on
the gyro and accelerometer models is based. Also, only the
roll-rate (2 axis) gyro model and the lateral (Y axis) ac-

celerometer model are presented since they are representative j

of the others. The accelerometer model is presented first 1

and is followed by the gyro model.

Accelerometer Model ¢

The accelerometer implemented in the strapped-down INS

[ TS

simulation is representative of the quartz-flexure class of
accelerometers. The accelerometer error sources modeled in-
-clude misalignment, bias, scale factor, cross-coupling, and
nonlinearity. The model assumes that the statistical data
on these error sources for a specific instrument are sup-
plied as a simulation input. Also, the modei has a limiter
to limit the accelerations to & io‘g.

Figure 3 shows a block diagram of the lateral acceler-
ometer model. The input signal, A, represents the rigid

body acceleration including bending effects. This signal is

AT R s T Y

integrated using a rectangular integration scheme. Thus, i

A, + A )
AL = vk Tylk-1) (14)

yl
2

prry e oo T —

where the subscript I represents an integrated signal,k and
k-1 represents the iteration number, and At is the period be-

tween samples. At this point, the effects of the misalignment

:
?
s
%
b
i
¥
i
?

; 13 ..
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error are accounted for. The coefficient of misalignment,
} v 18 multiplied by the respective signal and then added .

to the integrated lateral acceleration. Therefore,

R % A+ ;& A, g (15)

whece the subscript M represents signal with misalignment
effects and represents the other accelration signals after g
they are integrated. This signal is now fed through a first

% order lag to represent the delays of the instrument.

Ayiug = Aymi(1/s+1)) (16)
i
where ¥ = time constant of the lag and subscript L indicates
the signal passes through a lag. The bias error is added to

N - the accelerometer signal after it passes through the lag net-

work. ;

P

A AyIML + €pas ¢ At (17)

yIMLB ~

where subscript B represents signal with bias effects and

A sl s s - A e Bl O N

G’BIAS represents the statistical value for the bias error
as stated in the specifications for the accelerometer used.

Before the quantization, the nonlinearity error and cross-

e aprra e

coupling error are accounted for,

A A « (C c

yIMLBNC® AyImLp yxPximip * CyyAyimip)fymmes  (18)

15




} Table I

Quartz-Flcxure Accelerometer Nominal Values (Ref 1:170)

Parameter Symbol Value
% Misalignment Coefficients 3.3, 5 x 1072 rad
é Time Constant of lag g 1 x 10”6 sec
E Scale Factor SF, 32,000 pps/g
g Bias Error eBias 50 g
| Cross-Coupling Coefficicnts Cyx J19.6 x 1072 rad/sec
Nonlinearity Coefficients Cyy b g/e?
Scale Factor Error €a 100 ppm

where subscripts M and C represent nonlinearity and cross-
coupling coefficient and ny is the nonlinearity coefficient.
This signal is now converted to pulses by the scale factor,
SFA, and then quantiged.

Table 1 shows a listing of the parameter values that
are used for the accelerometer in the simulations that were
made for this work. The error parameter values are the de-
terministic tolerances as listed in manufacturer‘*s perfor-
mance specifications for a quartz-flexure accelerometer.
These figures are representative of presently available
instruments, but do not necessarily reflect the limit of

achievable performance.




The quantization takes an integer count of the value
of the present signal plus the value of the fractional part
of the previous sample period integer count. This intéger
count is then divided by the scale factor and the effects
of the scale factor error are accounted for resulting in

the incremental value of the lateral velocity,
&V, =( VSFA)“*EA)Aymchq (19)

where EA is the scale factor error and subscript Q repre-
sents the signal including quantization and scale factor.
The incremental velocities are then summed up in the na-

. vigation system subroutine of the strapped-down INS sim-
ulation to be used in the calculation of velocity. This
summation, as was mentioned in the navigation algorithm
description, is done at a higher iteration rate than the
rate at which the velocity differential equation is solved
(50 hertz as opposed to S hertz)(Ref 1:147-49).

Gyro Model

Two types of gyros are modeled in the strapped-down
INS simulation. They are laser gyro and two-degree-of-
freedom mechanical gyro., There are three of each type
modeled, one for measuring rotation rate about each of the
three body axis. The roll-rate laser gyro is descrived
here and then differences of the two-degree-of-freedom
gyro are pointed out. Once again, statistical data on

the instrument error is assumed available. Error sources

17
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modeled include bias, misalignment, and scale factor.
An illustration of the block diagram for the roll rate

laser gyro is shown in Figure &4, Wy, the angular inertial

velocity about the body roll axis including bending effects
is fed into an intrator. Once again a rectangular integra-

tion routine is used. Therefore,

w + W

}331 =

2

After interpretation, .the effects of misalignment error

are accounted for, resulting in

B A1 M b1 the By (21)

where A; and /‘lz represent the coefficients of misalign-
ment for their respective signals. The bias error is now
added to the roll rate signal. It is a function of the
time period and not of a rotation magnitude. Also, at
this point, the random walk is accounted for, resulting

in,

= 3
A ynp = Bpn * €pias At * Ry (AY) (22)

where GBIAS is the bias error and RL is the random walk
error. (RLgENALK* RAN, where E, . . is the tolerance spe-
cifioation and RAN is a random number). The signal is

now converted to pulses via the scale factor, SFGl

18
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A y1ups * BumptSF) (23)

AT < - gD

This signal is then quantized as in the case of the accel-
eromter model, and then is multiplied by the inverse of the
scale factor. The error in scale factor is then taken into

account resulting in incremental value of the roll axis

é rotation.

rgrry

A0, = (1/SFL)(A 1ups) (14 €4) (24)

T v, e,

where €b is the error in scale factor. This signal is now

ey

summed in the high speed loop of the navigation system mo-
. dels before being used in the calculation of the velocity
and position (Ref 1:46-47).
Figure 5 shows a block diagram of the roll channel of
the two-degree-of-freedom mechanical gyro model; This N

model is the same as the laser gyro excepﬁ that it ac-

N gy

counts for errors peculiar to the two-degree-of-freedom
mechanical gyro. These errors are the acceleration depen-
dent and angular dependent terms. Also, the laser gyro model !
requires a lag to account for delays that are not present
in the laser gyro model (Ref 3:122-25).

The values of the parameters used in the laser gyro o .
and two-degree-of-freedom mechanical gyro, when obtaining

the simulations for the error analysis, are listed in Tables

T g VIS

II and III. These values are representative of presently

available sensors. ;

20
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Table II

Laser Gvro Nominal Vualues (kef 1:70)

Paramecter Symbol Value
Micalignwent Jocfflcicntsl oy s 5 X 10'5 rad
Scale Factor SFg 1.57 sec/pulse
Biag Errer Bias 0.01 %/hr
Scale Fuctlor Error €g 5 x 10'6 ppa
handom Wulk Lrror €valk 0.005 °/nr

Since the two types of gyro models are available for
the simualtions, a comparison of the results of the simu-
lation.using each gyro model is made. Figure 6 shows the
INS error time histories obtained for both simulations.

The laser gyroprovides better overall performance than the
two-degree-of-freedom mechanical gyro; and it has the addi-
tional errors due to acceleration and angular rate dependent
terms. Based on these results, the laser gyro is chosen

for the simulations used in this work.

22
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TABLE III

Two-Degree-of-Freedom Gyro Nominal Values (Ref 3136)

Y

Paramecters

Symbol | 2-Output Y-Output Source
-Axis -Axis
Misalignment Coefficicnts /‘7‘,/(‘t 10-’* rad 10"'1‘ad
Scale Factor SFG 1.57 sec 1.57 sec
pulse pulse
Bias Error €pias | 0.01 degp 0.01 der
. . € hr hr
Scale Factor Error TDF 50 ppm 50 ppm
¢-Dependent Errors TDF, | 0.02 0.0k
TDF, | 0.0k Q.ﬁz 0.02
TDF3 0.01 'y 0.01
52—Dcpendent Errors TDFa 0.02 n.0 A:
'.I‘DFS 0.00 e 0.02 deg Ay
. yoF, | ©.005 B2 0.005 N2 | a
6 (5 ) [ x
Gy~ Dependent Errors TDF, | o.01 0.01 A2
. )
| T | o.o4 4, 0.04 der | A2
TDFg | o.04 ’Eﬁ 0.0t Bz |72
€ & x
wxw-Dependent Errors TDFIO 0.00 _der_ 0.00 "y
TDFII 80 h 21 20 w
TDF 20 (rad) s x
12 scc o vy
23
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Flight Profile

As is eluded ta in the 1ntroduction. part of the errors
in a strapped-down INS result form the high dynamic envi-
ronment that the sensors are subjected to when the navi-
gation system is used on a fighter-iype alrcraft. Time

histories for the INS errors in position velocity and at-

titude are generated using the strapped-down INS simula-

tions so that the effects of the high dynamic enQifShment“"~"
can be asaessed; Therefore, a flight profila containing
several maneuvers typical of a tactical aircraft mission

is chosen. Figure ? shows the flight profile implemented
for this work. The initial start of the simulation assumes
that the aircraft is in straight and level flight at a
cruise speed of mach .5 at an altitude of 5000 feet, and

a heading of north. At 100 seconds into the simulation,

the alrcraft descends to 500 feet while increasing its
velocity to mach .75. After completion of the descent,

the aircraft performs a snap roll. Following the roll, at
about 360 seconds into the flight, a weapon delivery is sim-
ulated. This mancuver consists of a dive at a 12.5 degree
angle followed by a 3.59 pull-up. After a leveling off
from the weapon delivery, the aircraft performs another
snap roll followed by an evasive maneuver. The evasive ma-'
euver consists of a climb at a flight path angle of 20° with
a bank of 45° to the right for seven seconds fodlowed by a
bank to the left of 45° for seven seconds, leveling off at

an altitude of 5000 feet and a speed of mach .75. Upon

27




1800 ~
1610}
Loiter
3 Revolutions At A 30° Bank Angle
’ [
1000 L.
960 -
Climdb to H = 14,500 ft
Decrease Speed to MACH = 0.5
700 |
600 |- -360° Roll
00 |~ Evasive Maneuver - 4.5 g Pulled
50 3609 Roll
350 Weapon Delivery - 3.5 g Pull-up
250 | 3600 Roll -Maximum Normal Acceler-
225 |- ation is 4.5 ¢
Descent to Hssoo ft.,.MACH=0.7?5
100 (- Cruise at H=5000 ft.,MACH=0.5, North
0 Heading .

Figure 7. Description of Flight Profile (Ref 4:11173)
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leveling off at 5000 feet, the aircraft performs a third
snap roll followed by a climb to 14,500 feet during which
its speed is decreased to mach .5. The final maneuver sim-
ulated is a loiter. During this phase of the flight, the
aircraft turns through three revolutions at a 30° bank
before returning to straight and level flight on a north
heading. This maneuver is completed at about the 1620 se-
cond time point; The aircraft then maintains straight and
level flight for the remainder of the flight time (Ref 4.
133-135).

Summary

This chapter has provided a description of the models
implemented and assumptions made in using the strapped-
‘down simulation to obtain the INS error time histories
used in the deterministic error analysis that is to fol-
low. This is not meant as a complete description of the
strapped-down simulation and does not reflect the full

capabilities of this computer simulation.
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CHAPTER 1II

Effects of the Sensor Errors

and Structural Modes on the INS Errors

This chapter presents a deterministic evaluation of the
effects the sensor errors have on the errors of the strapped-
down INS, Time histories of the INS errors in attitude, .
velocity, and position are obtained using the strapped-
down INS simulation. The simulations are made for the case
with each sensor error source isolated as well as for the
cases where all sensor errors and ho sensor errors are
present. In these cases, structural modes are not sensed.
An additional simulation is used to illusfrate the effects
of structural modes. The flight profile and sensor para-
meters given in the previous chapter are used in the gen-
eration of these error time histories. The analysis and
comparison of these error time histories are presented
in three major sections: effects of laser gyro errors,
effects of accelerometer errors, and effects of structural
modes. For the sections on sensor error effects, a general
overview of the error time history obtained with all errors
present will be presented, followed by a breakdown of the
effects of the individual sensor error sources. Following
these sections, the effects of the structural modes will be

considered. A basis for the evaluation of the performance

ez egit-—




of the INS, when structural modes are not sensed, is set

at € 3 ft/sec velocity error and € 1 nm/hr position error,
Also, in analyzing the simualtion results, use is

made of the error state equations for a local vertical

platform for confirming the results.

Effects_of Laser Gyro Errors

Figure 8 shows the time history obtained for the laser

gyro with all errors present. The roll and pitch Euler
angle errors and the east and north velocity errors as

well as the longitude and latitude errors are low fre-
quency sinusoids with transients due to the maneuvers super-
imposed upon them. The yaw angle error is ramp-like in
‘nature while the vertical channel errors, altitude and
vetical velocit&. are relatively unaffected by the sensor
errors, The reason for the vertical channel'being indif-
ferent to semsor errors is because it is stabilized with a
third order damping system. The alrcraft maneuvers
generally result in the Euler angles experiencing step

or pulsed transients. The local level velocity errors

are effected by the integration of the effect of the pitch
and roll angle errors on the acceleration vectors. This
effect results in the velocity errors experiencing steps

or ramps. These same effects were passed on into the posi-
tion errors, but since the position errors are effected by
the integration of the velocity errors, the effects are

more benign. The position errors then couple back to effect

the roll and pitch angle errors. Since the position errors

A
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have little effect on the yaw angle error, it is ramp-like
in nature. One of the most prominent effects of the maneu-
vers is that of the loiter. The loiter introduces a sinu-
soidal error into the navigation system variables.

The time histories shown in figure 8 are a composite
of the effects of each individual sensor error. Each of
these error sources is now considered separately to deter-
mine their individual effect on the IN3 errors.

Gyro Bias Error. Figure 9 shows the plots of the INS
errors for simulations with only bias error present, all
errors present, and no errors. The bias error plot is re-
presented by the square, the plot of all errors by a triangle.
and the case for ideal sensors is marked with a square.

The presence of the gyro bias error results in the Euler
angles initially ramping off at the rate of the bias error
(0.0lo/hr). The yaw angle error is only slightly effected
by the aircraft maneuvers and, thus, it continues to ramp off
at about 0.0lo/hr. Before the loiter maneuver, the bias error
accounts for about half of the total error, but during the loi-
ter the bias error becomes negligible compared to the other
gyro errors. '

The snap rolls cause a step in the bias induced pitch
angle error. Also, during the loiter maneuver, the ampli-
tude of the oscillation of the pitch angle decreases more ra-
pidly with all sensors present then with only the bias error
present. This indicates that the bias error prolongs the

settling of errors induced by the mancuvers of the
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aircraft. The bias error provesd to be the primary driver
of the pitch angle error. The bias error induces a ramp

of 0.0lo/hr. in the roll angle error that is only slightly
altered by any aircraft maneuvers until theloiter maneuver
is begun. During the loiter, as in the case of the pitch
angle, the bias induced roll angle error tends to slow the
settling of the error induced in the roll angle by the man-
euvers. the bias error accounts for a large part of the
roll angle error except during the phases of the flight
wvhere the snap rolls occur. Here, steps are introduced

by other gyro errors and this causes the roll angle to be-
come much larger when all gyro errors are present than when
the bias alone is present. The east velocity error is large-
ly influenced by the integration of the roll angle's effect
on the vertical acceleration. This gives it a ramp-like
nature with a slope of approximately (3.5 ft/sec)/hr. The
steps are introduced into the roll angle when all sensor
errors are present, resulting in a larger slope in the

east velocity error with all gyro errors present than with
only the bias error present. This indicates that the bias
error is not the main contributer to the east velocity error.
The effect of the bias error on the north velocity error

is more pronounced. The bias error contributes a major
portion of the north velocity error due to gyro errors.
Also, the ramp induced in the north velocity error by the
gyro bias is only slightly effected by ‘the loiter maneuver

and is larger than the error due to all gyro errors.
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The position errors, latitude and longitude, are

mainly driven by the integral of the vélocity errors.
Therefore, they too, exhibit a ramp-like nature, However,
during the loiter there are moreoscillations in the poSition
errors, but this is not caused by the gyro errors because
these oscillations are evident even when ideal sensors are
used. As 1s expected, since position errors are largely
influenced by the integration of the velocity errors, the
bias“error has a similar effect on the position errors as

it does on the velocity errors.

Gyro Misalignment Error. The